A new fiber optic sensor for monitoring high temperatures is proposed.
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Introduction
Although concrete is recognized as a fire-resistant material in the construction industry, it also tends to get damaged when exposed to the high temperatures produced by fires [1] . For example, the concrete bridge that takes the Paramount Boulevard across the Pomona Freeway in Montebello, California, had to be demolished after a tanker truck caught fire under its deck on December 14, 2011 [2] . Another example of the vulnerability of concrete structures subjected to fires occurred in the Windsor Building in Madrid on February 12, 2005 . This fire started on the 21 st floor and spread to all the other floors over the fifth. This building had reinforced concrete in its two-way floor slabs, central and interior columns and steel in its outer columns and in some composite beams. The building had to be demolished after the fire [3] .
In this context, monitoring temperature evolution in a concrete structure is a key part of evaluating its security both during and after a fire [4, 5] since it provides information on the residual resistance of its materials. Temperatures are usually recorded by electric sensors such as thermocouples, which have been tested with satisfactory results (see e.g. [6] [7] [8] ). However, as these sensors are electric, they cannot be used in places such as power plants, electrified railways or some biomedical applications, among others [6, 9] .
Fiber optic sensors are an alternative to the electric type and have several advantages over them, such as flexibility, high precision and sensitivity [10, 11] . They are also immune to electro-magnetic interference (EMI), which makes them especially suitable for cases in which thermocouples cannot be used. They are also multiplexable, which allows a large number of sensors to be connected to a single cable. This means monitoring networks can be designed for a simple wiring system which is therefore cheaper. All these properties make fiber optic sensors a good alternative to conventional sensors in structural health monitoring [12] .
Fiber optic sensors have given satisfactory results in lab tests at high temperatures. For example, Barrera et al [13] tested regenerated multimode Bragg Grating-based sensors and calibrated the relation between temperature and wavelength up to 1100ºC. Habisreuther et al. [14] used fiber Bragg gratings inscribed into multimode single crystalline sapphire fibers, operating at up to 1900 °C. Tu et al. [15] developed multilayer metal-coated regenerated grating sensors that were calibrated for maximum temperatures of 600 °C. Canning [16] recently presented a review of regenerated fiber Bragg grating applications and studied the optimization of optical sensing and instrument technologies for harsh environments, such as those frequently found in the energy sector or in fire events. All these tests were conducted in electric furnaces under ideal lab conditions, very different from those found in a real fire. Only a few authors have carried out tests on structural elements in situations similar to those present in a real fire scenario: Bueno et al [17] tested Bragg Grating based sensors and regenerated Bragg Gratings embedded in small concrete specimens at up to 620ºC. Rinaudo et al. [4] installed three different types of regenerated Bragg Grating sensors on the surface of two concrete specimens at temperatures up to 970ºC. Rinaudo et al. [18] also installed Bragg Grating-based sensors on concrete-filled Torres-Gorriz B., Paya-Zaforteza, I., Calderon Garcia, P.A., Sales Maicas, S. New fiber optic sensor for monitoring temperatures in concrete structures during fires (2017) Sensors and Actuators, A: Physical, 254, pp. 116-125. DOI: 10.1016/j.sna.2016.12.013 cylindrical steel columns subjected to a compression load in which the sensors measured maximum temperatures in the concrete of approximately 130 ºC.
The above studies showed not only the viability of fiber-optic technology to monitor temperatures in structures subjected to fires but also the need to carry out new studies that would allow: 1) an in-depth study of fiber-optic sensor behavior under the conditions of an actual fire, 2) extend their operating range, and 3) the study of embedding sensors and wiring in concrete.
This paper thus proposes a new optic sensor to measure temperatures in concrete structures that was tested on a structural element in similar conditions to those of a real fire. We begin by explaining the fundamentals of high-temperature optic sensors and a description of the main characteristics of the sensor we propose. We then describe the testing of a number of sensors in a concrete beam subjected to typical loads and compare the temperatures measured by the sensor with those recorded by thermocouples and a finite element model. The comparison of the results and the analysis of the state of the optic sensors after the tests showed that they had operated correctly and allowed us to draw valuable conclusions on monitoring temperatures in concrete structures during fires.
Operating principle of high-temperature fiber optic sensors
Fiber Optic Sensors (henceforth FOS) detect variations in the properties of light travelling through the optical fiber. The fiber usually consists of three layers: the core, which is a thin glass fiber, the cladding that confines the propagation of the light within the fiber core, and an outer coating or jacket that provides the fiber's mechanical strength and protects it from damage and moisture absorption. There are several types of FOS, Fiber Bragg Grating (FBG) sensors being the most commonly used [19, 20] . FBGs can be used to measure high temperatures but standard FBGs lose stability and degrade significantly at temperatures close to 600 °C, after which they become useless [4, [21] [22] . One way to overcome this temperature limit is to use Regenerated Fiber Bragg Gratings (RFBGs) [13] . Below we explain the basics of FBG and RFBG sensors and the sensor proposed in this paper, which use RFBGs.
Fiber Bragg Grating (FBG)
A FBG is a reflector built in a short segment of the core of an optical fiber by exposing the fiber to an intense UV light. This exposure creates periodic alterations in the index of refraction of the fiber core, known as Bragg gratings, and makes the FBG (1) reflect only particular narrowband wavelengths of light known as Bragg wavelengths, and (2) transmit all others (Fig 1) . The Bragg wavelength condition is given by Eq. (1), where λ B is the wavelength of the FBG, n eff is the effective refractive index of the fiber core, and ߉ is the Bragg grating period or distance between two consecutive alterations of the fiber core [23] .
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External perturbations can result in strain (ε) and temperature (T) changes that modify the Bragg grating period ߉ and also induce a shift Δλ B in the Bragg wavelength. This shift is given by Eq. (2) when only the dominant linear effects of ε and T on a FBG are considered and higher order cross-sensitivities are neglected (see [24, 25] for more details).
In Eq. (2), k ε and k T are the coefficients of wavelength sensitivity to strain and temperature for an FBG. Their values were obtained experimentally for the presented sensor (not for an isolated FBG) as explained in section 2.3.
Regenerated Fiber Bragg Grating (RFBG)
Standard FBGs suffer from a serious limitation for high temperature measurements; the periodic grating created in the core of the optical fiber decays as a function of temperature and time, and as a result the grating amplitude is erased and the sensor becomes useless.
One way to overcome this temperature limit is to use Regenerated Fiber Bragg Gratings (RFBGs), which undergo physical and chemical processes that make them stable at high temperatures. RFBGs are created in three steps: first, the fiber is placed in a hydrogenation chamber at room temperature, then the FBG is inscribed into the hydrogen-loaded optical fiber by laser. Finally, the fibers are subjected to an annealing process inside a tubular furnace. During this phase, as the temperature increases, the original FBGs are progressively degraded until erasure and a new regenerated FBG (RFBG) is created ( Fig. 2) . As a consequence of their production process, RFBGs are extremely fragile and cannot be installed uncovered in a structural element, since the external loads and the harsh environment of a construction site would affect their durability and behavior. They are therefore protected by the packaging, this being a crucial element of the sensor.
Fig . 2 . Regeneration process to create RFBG sensors. Source: [18] . Reproduced by kind permission of the authors.
RFBG sensor development and calibration.
The sensors developed by the authors and tested in this work have a packaging composed of a single-bore metallic tube with a bore diameter of 2.5 mm. The RFBG inside the tube is fixed in one of its ends and completely free to move in the other. By doing so, the tube holds the RFBG straight and also fulfills three important conditions:
1) It does not restrain any mechanical deformation of the RFBG, so that the shift in the Bragg wavelength is caused only by temperature variations. 2) It does not interfere with the sensing properties of the RFBG. This was checked by means of several tests described in [18] . 3) It makes the sensor have a very short response time as detailed in [11] .
The RFBG sensor was calibrated in a Carbolite MTF12/38/40 furnace that can reach maximum temperatures of 1250 ºC (Fig. 3) . The furnace guaranteed a uniform temperature distribution along its central portion, in which the optic sensor and a thermocouple were placed. Temperatures were increased in different steps from 10 °C to 1000 °C. In each temperature step, the temperatures measured by the thermocouple and the Bragg wavelengths measured by the optic sensor were recorded. All the data were recorded with a laptop and a MicronOptics sm125-500 fiber optic interrogator. This interrogator provided light for the fiber optic sensors, received the reflected light from the sensor and decoded and transferred information to the data acquisition system (computer).
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Experimental test
The fiber optic sensors were installed embedded in a reinforced concrete beam spanning 5.8 m and built with concrete with a compressive strength of 35 MPa and steel with a yield strength of 500 MPa. Fig. 5 shows the dimensions and construction details of the beam. The beam was designed to sustain the loads of a typical residential building and the minimum cover of the steel reinforcement was 5 cm. The concrete beam was tested at 90 days. The mid-span section (Section B-B in Fig. 5 ) of the beam was monitored with 9 fiber optic sensors designed by the authors and 9 Type K thermocouples, numbered and positioned as shown in Figure 6 . Sensors FOS1, FOS8 and FOS9 were installed under the beam's longitudinal reinforcement in order to 1) protect the sensors and wiring when the concrete was being poured and vibrated, and 2) use the reinforcement to anchor the sensors. FOS2 to FOS7 required an additional steel structure of 6 mm diameter bars, since there was no longitudinal reinforcement to fix the sensors to. This structure was fixed to the longitudinal and transverse reinforcement of the beam with wire.
Cross section AA. 50x40 The sensors were fixed to the reinforcing bars with wire ( Fig.7a ) to keep them from being dislodged during pouring. After the concrete had set the sensors were checked for possible damage and correct operation.
For protection when the concrete was being poured and to allow the cables to conform to the angles between the longitudinal and transverse bars, they were placed under the reinforcement inside a flexible PVC tube to avoid being damaged by aggregate during the pouring. This tube would no longer be needed after hardening and as it could not resist temperatures over 120ºC it was expected to disintegrate during the tests. This was not the case of the fiber optic cable connecting the sensors since it had a silica glass core able to withstand the maximum temperatures expected in the tests. It is important to note that as each encapsulated RFBG was 1 cm long, the temperature value given by each sensor was the mean value recorded along this length.
Type-k thermocouples with ceramic insulation were used to verify the behavior of the fiber optic sensors. These thermocouples were installed as close as possible to the fiber optic sensors as shown in Figs. 6 and 7. Cross section AA. 50x40
Torres-Gorriz B., Paya-Zaforteza, I., Calderon Garcia, P The concrete beam monitored with fiber optic sensors was subjected to a fire test in which the ISO-834 standard fire curve and two point loads were applied. The fire test had a duration of 77 minutes, although the sensors collected data for 130 minutes. We believe this to be the first time fiber optic sensors embedded in concrete have been subjected to such rigorous testing.
A 5 x 3.8 x 2m rectangular furnace was used for the test, with eight gas burners along parallel sides of the chamber. Fig. 8a shows the concrete beam in the furnace previous to the fire test. The beam was simply supported and placed in the upper part of the furnace, where the temperature is more uniform. Furnace temperature was controlled by eight plate thermometers (PT) in the chamber close to the concrete beam. The PTs were installed with their insulated face towards the specimen, so that their exposed face received the same radiant heat flux as the beam and the PTs were not affected by radiation from the specimen. The plate thermometers received a radiant heat flux similar to the beam under test [4] and in these conditions the adiabatic temperature measured by them can be used to analyze heat transfer phenomena in structural elements submitted to fires.
A load of 125 kN was applied with a single hydraulic jack. The total load was split into two loads of 62.5 kN at one-third of the total length by means of a rigid steel beam, in order to have a constant bending moment acting on the central third of the beam. The test setup, the hydraulic jack and the rigid steel beam can be seen in Figure 8b .
Torres-Gorriz B., Paya-Zaforteza, I., Calderon Garcia, P.A., Sales Maicas, S. New fiber optic sensor for monitoring temperatures in concrete structures during fires (2017) Sensors and Actuators, A: Physical, 254, pp. 116-125. DOI: 10.1016/j.sna.2016.12.013 In addition to the sensors, the temperature monitoring system had three other components: a reading unit, a cable network and a data management system. The reading unit was a Micron Optics sm125-500, with a wavelength range of 1510-1590 nm, four optical channels and a frequency of 1 Hz. As 9 channels were needed (one for each sensor), a multiplexer Micron Optics sm041-416 was used to extend the number of channels from the interrogator. Micron Optics Enlight sensing analysis software [26] was used for data acquisition, definition, and visualization. Reflected spectrum responses and Bragg wavelengths were recorded every second.
Numerical model.
A 2D nonlinear heat transfer model of the RC beam's cross section was developed on Lusas software [27] to obtain the theoretical temperatures inside the beam.
The heat transfer model uses flat thermal field QFD8 finite elements, which are square 2D FEs with 4 nodes and one degree of freedom per node, corresponding to temperature. As each QFD8 element is 0.5 cm long, the model had a total of 8,000 FEs and 64,000 nodes.
Concrete thermal properties were defined according to Eurocode 2, Part 2 [28] considering that calcareous aggregates were used. Thermal loads were applied to the exposed faces of the beam using the temperatures measured by the PTs during the test. To do so, an initial temperature equal to 13ºC was assigned to the cross section of the beam according to the measurements taken on site. The convective heat transfer coefficient was defined as 25 W/(m 2 K), the emissivity of the exposed surfaces was defined as 0.8 and fire emissivity was 1. The specific heat coefficient was taken as 1000 J/(kg K) and the thermal conductivity as an average value equal to 1.3 W/mºK (considering calcareous aggregates).
4. Results and discussion. Figure 9 shows the ISO834 theoretical temperature curve and the furnace temperature curve obtained as the mean of those measured by the 8 PTs. An excellent fit can be seen between both curves, thanks to the pressure stabilizing at around 16 Pa for almost the entire test. Figure 10a shows a photo of the RC beam after the test and 10b gives the cross section temperatures provided by the heat transfer finite element model of the experiment at the end of the fire test (minute 130). 
Temperature (°C)
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• As expected, the highest temperatures were found in the zone near the underside of the beam, which was directly exposed to the fire, e.g. the maximum temperatures recorded by FOS1, FOS2, FOS3 and FOS4 were 308.8, 97.4, 64.3 and 59.8 ºC, respectively.
• The graphs show that the temperatures measured by both thermocouples and optic sensors were quite similar and followed the same pattern. The recorded temperatures are also close to those predicted by the theoretical FE model. For example, Table 1 compares the temperatures at 92 min in optic sensors, thermocouples and theoretical model. The largest differences between the temperatures recorded by the optic sensors and FE model are seen to be less than 8.2ºC (3% of the temperature recorded). The maximum difference between the thermocouple and theoretical temperatures at Point 1 is 18.6ºC, which represents 6.8% of the temperature measured. However, at Point 2 the difference is 9.1 ºC or 17.4% of the measured temperature. In both cases the differences are insignificant as regards the safety of the structure and could be attributed to the slight variations in the final position of the sensors in relation to their theoretical position. The greatest differences, between FOS1 and TC1, were as expected, as they were closest to the beam surface and the spalling of the concrete left them exposed, which meant that the differences with the theoretical temperatures were higher. Sensors FOS 2 to FOS 4 and TC2 to TC4 were furthest from the sides of the beam exposed to the fire, so that the spalling phenomenon had slight influence on their measurements. Figure 12 shows the temperatures recorded by the optic and electrical sensors near the vertical sides of the beam exposed to the fire at Points 5, 6 and 7 in Figure 6 (FOS5, FOS6, FOS7, TC5, TC6, TC7), also the theoretical temperatures obtained from the FE model (FEM5, FEM6, FEM7 ). Figure 13 shows the state of the beam and Sensors FOS5 and TC5 after the test. In view of these results, the following comments can be made:
• The behavior of the sensors 5, 6 and 7 is not as satisfactory as those at Points 1 to 4. After 90 min, none of the sensors provided data and some of the results were erratic, such as the peaks registered by the thermocouples. This behavior was due to sensors 5, 6 and 7 being on the sides directly exposed to the fire, where, as can be seen in Figures 10 and 13 , a lot of damage was caused by concrete spalling.
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• Until approximately 41 min, FOS5 and TC5 behaved similarly to each other and showed a good fit with the results obtained from FEM5 (Figs. 12a and 12b ), except for a sharp and sudden change measured by TC5 around 26 m. Small discrepancies observed between the values given by optic sensors, thermocouples and the FE model, with a maximum value of 14% of the measured temperature, can be attributed to small differences between the real position of FOS5 and TC5 with respect to the fire and the position of the sensors assumed in the FEM.
• Optic sensor FOS5 stopped providing data about 41 min (Figs.12a and 12b ) due to concrete spalling after measuring a temperature of 189.3ºC. The breakage probably did not occur in the sensor itself as its packaging had sufficient mechanical resistance, but in the cable joining it to the data collection system, which was embedded inside the beam. This hypothesis is supported by the final state of the beam and sensors after the test in the area around FOS5, as can be seen from the photo in Figure 13a .
• The jump in temperature registered by TC5 around 26 min, shown in Figure  12b , can be attributed to a failure in the electric sensor, probably due to a bad contact between its two poles. After 51 min, the data provided by TC5 show anomalous behavior, probably due to spalling leaving it exposed to the action of the fire (Fig.12a) . Around 65 min, TC5 showed a temperature of approximately 852ºC, after which there are sharp and sudden temperature variations, which indicate that the sensor was not operating properly. Figure 13b shows the state of this sensor after the test, which supports the view that it could not have been working correctly.
• Sensors 5 and 7 did not provide identical temperature measurements in spite of being in symmetrical positions, due to the different influence of spalling effects.
• The temperatures registered at Position 6 were similar to those from Position 5 and the FE model up to 30 min (Figs.12c and 12d ). Sensor FOS6 stopped operating at 46 min when it had recorded a temperature of 136ºC and TC6 stopped at 60 min after recording 164ºC, both stopped because of spalling damage. Temperature (°C)
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Finally, Figures 14a and 14b show the temperatures from the optic and electrical sensors at Points 8 and 9 (upper and lower corners of the cross section close to a vertical face exposed to the fire) and the theoretical temperatures provided by the FE model. From these results it can be seen that:
• In general, the temperatures measured at these two points show larger differences than those observed at other points. This is because both Point 8 and Point 9 were in more problematic positions due to being placed at the corners. Point 8 was highly exposed to the fire and thus prone to suffer spalling, while 9 was very close to the furnace's protective insulation, which affected its measurements.
• FOS8 and TC8 registered the temperatures correctly up to approximately 45 m, when the temperatures measured were around 550ºC. FOS8 stopped operating at that time and TC 8 began to give erratic readings, both problems were probably due to the intense spalling at the corners of the cross section (Fig.15) . • The most widely dispersed results were given by FOS9 and TC9 (Fig.14b) and are analyzed below.
o The temperatures recorded by FOS9 show two clearly different zones. At the start, the temperature rose more slowly than at other points until reaching 165ºC at 51 min, because the sensor was placed in a zone affected by the furnace insulation and heat dissipaters, such as mineral wool. These elements influenced the transmission of heat to the interior of the beam but were not included in the FE model. After 51 min, there was an abrupt change in the temperature trend, which rose rapidly to 953ºC due to spalling, which left the sensor completely exposed to the fire but did not stop it operating, as can be seen in Figure 16 . The sensor thus finally recorded a temperature close to that in the furnace, which was 963ºC at that time. o TC9 followed a similar trend to FOS9, although after 72 min it began to give erratic readings with large temperature fluctuations, which could have been due to bad contact due to its cables being damaged.
o Differences were observed in the readings given by the FOS and the thermocouples, although both followed the same general pattern. These temperature differences could have been due to a number of reasons, such as small vertical or horizontal variations in the positions of the sensors, or erratic operation or breakage due to spalling. It should be remembered that the sensors were very close to the beam surfaces exposed to the fire with a high temperature gradient (Fig.10b) , so that small variations in the position of the sensors had a considerable effect on the value of the temperatures measured.
5. Conclusions and future work.
FOS 9
Torres-Gorriz B., Paya-Zaforteza, I., Calderon Garcia, P.A., Sales Maicas, S. New fiber optic sensor for monitoring temperatures in concrete structures during fires (2017) Sensors and Actuators, A: Physical, 254, pp. 116-125. DOI: 10.1016/j.sna.2016. 12.013 This paper proposes a new optic sensor based on regenerated Bragg gratings designed to measure high temperatures in concrete structures. The sensor was subjected to a standard fire test in an RC beam subjected to loads similar to those normally found in building structures. The optic sensors were installed in the mid-span cross section of the beam, which was subjected directly to flames and high temperature gradients (of the order of 200ºC/min) as would be the case in a real fire. The optic sensors registered temperatures of up to 953ºC, which were compared to those obtained from thermocouples and the results from an FE model of the test. The principal conclusions that can be drawn from this test are as follows:
• To operate correctly, the monitoring system must be carefully installed and adequately protected. It is recommended to place the sensors and wiring below the reinforcement in the structure to protect them from damage during concrete pouring and vibration.
• The sensors recorded very similar temperatures to those obtained from the thermocouples and in general their measurements followed the trends predicted by the FE model. The discrepancies between the temperatures measured by the sensors and the FE model were due to the influence of concrete spalling and the presence of insulation elements that were not included in the FE model. It can therefore be said that the optic sensors operated correctly.
• The proposed packaging of the fiber optic sensors behaved well and was able to withstand the harsh conditions imposed by the fire. However, the wiring that connects the sensors to the reading unit needs special attention, as concrete spalling damaged it in several places, with the result that some of the sensors stopped operating before the end of the test. Further research is therefore necessary to determine the correct design of the wiring and how it should be connected to the sensors to avoid being damaged by spalling. Future research should also complete the work initiated by Rinaudo et al. [5] on defining monitoring strategies for structures submitted to fire loads.
